In this paper, a joint transmitter and receiver design for pattern division multiple access (PDMA) is proposed. At the transmitter, pattern mapping utilizes power allocation to improve the overall sum rate, and beam allocation to enhance the access connectivity. At the receiver, hybrid detection utilizes a spatial filter to suppress the inter-beam interference caused by beam-domain multiplexing, and successive interference cancellation to remove the intra-beam interference caused by power-domain multiplexing. Furthermore, we propose a PDMA joint design approach to optimize pattern mapping based on both the power domain and beam domain. The optimization of power allocation is achieved by maximizing the overall sum rate, and the corresponding optimization problem is shown to be convex theoretically. The optimization of beam allocation is achieved by minimizing the maximum of the inner product of any two beam allocation vectors, and an effective dimension reduction method is proposed through the analysis of pattern structure and proper mathematical manipulations. Simulation results show that the proposed PDMA approach outperforms the orthogonal multiple access and power-domain non-orthogonal multiple access approaches even without any optimization of pattern mapping, and the optimization of beam allocation yields a significant performance improvement than the optimization of power allocation.
. By means of multiple-domain multiplexing, PDMA can make the best of wireless resources to increase the sum rate with affordable computational complexity. Quasi-orthogonal space-time block codes in spatial domain were utilized in [11] to realize resource multiplexing, where the dimension of pattern matrix scales with the number of transmitter antennas. The performance of cooperative PDMA was analyzed in [12] , which was shown to outperform cooperative OMA in terms of sum rate when the same target data rate requirement was assigned to users. Recently, more and more advanced receivers have been investigated for PDMA. Iterative detection and decoding algorithm was proposed in [13] , and SIC iterative processing based on minimum mean square error (MMSE) detection and channel decoding was proposed in [14] . The pattern design was studied in [15] for massive machine type communication (mMTC) as well as enhanced mobile broadband (eMBB) deployment scenarios, and several non-optimal design criteria were proposed. However, little has been reported on some joint design for the transmitter and receiver yet, especially based on multiple-domain multiplexing. Although PDMA is a promising candidate for future communication systems, comprehensive and thorough researches are still needed on the pattern and transceiver design.
Furthermore, as one of the key technologies of future mobile communications systems, large-scale antenna arrays (LSA) have been put forward to significantly improve the system sum rate with extra degrees of freedom which facilitate transmit diversity and spatial multiplexing gains [3] , [16] , [17] . Facing a massive number of connected devices, LSA can provide sufficient spatial resources. More recently, the application of LSA to NOMA has been receiving growing attention for further performance improvement [18] , [19] .
Motivated by the aforementioned discussions, our main contributions are summarized below. 1) We propose a joint transmitter and receiver design for PDMA, where both the power domain and beam domain are jointly utilized. In particular, pattern mapping at the transmitter utilizes power allocation and beam allocation to superpose user signals, while hybrid detection at the receiver employs a spatial filter (SF) and SIC to separate the superposed multipledomain signals. 2) We investigate the optimization of pattern mapping, where power and beam allocations are separately carried out. A globally optimal power allocation policy is obtained by theoretically proving the convexity of the formulated sum rate maximization problem. Furthermore, an effective dimension reduction method is proposed to solve the challenging optimization problem concerning beam allocation through the analysis of pattern structure and proper mathematical manipulations. 3) We validate our theoretical results by using computer simulations which show that the proposed PDMA approach outperforms the baselines, and significant performance gains can be achieved through the optimization of power allocation and beam allocation. The rest of the paper is organized as follows. The system model is described in Section 2. The proposed PDMA joint design approach including pattern mapping at the transmitter and hybrid detection at the receiver is presented in Section 3. The optimization of pattern mapping including power allocation and beam allocation is presented in Section 4. Simulation results are shown in Section 5. Final conclusions are drawn in Section 6.
SYSTEM MODEL
In this paper, we consider a downlink transmission scenario with one BS communicating with multiple users. The BS is equipped with an LSA, where a finite number of antennas cooperate with each other and form an antenna cluster (AC) to fully exploit the cooperation gain [20] . Assume that there are multiple ACs located in the BS, each AC equipped with N T antennas forms N beams with N T ! N, and each user has N R antennas. For the ease of the following description and analysis, all the users in the corresponding AC coverage are assumed to constitute a user group (UG). Assume each UG contains K users and an AC covers a UG with N T KN R and N K 2 N À 1 [9] . In this case, one beam will have to support more than one user, i.e., some users in the same UG will share one beam. Without loss of generality, we simplify the scenario into the case where an AC communicates with a UG.
Let G G k 2 C N R ÂN T denote the channel matrix between the considered AC and the kth user in the considered UG. Assume that the BS has perfect channel state information (CSI), which follows the same assumption as [21] , [22] , [23] , [24] , [25] . In practice, sophisticated channel estimation algorithms can be applied to acquire accurate CSI, which will be beyond the scope of this paper. Note that our results which are based on the perfect CSI assumption can be also used as a performance upper bound which serves as a benchmark for future studies for the case with imperfect CSI. Beamforming (BF) at the transmitter is generated based on the CSIs of N target users from the UG. Let n tar denote one of the target users covered by the nth beam, and the set of target users is expressed as V ¼ 1 tar ; 2 tar ; . . . ; n tar ; . . . ; N tar f g . Let f f n 2 C N T Â1 denote the BF vector of the nth beam, which is generated based on the CSI of the user n tar . Let F F 2 C N T ÂN denote the BF matrix and it can be expressed as F F ¼ f f 1 ; f f 2 ; . . . ; f f n ; . . . ; f f N ½ . According to different user requirements, the BF matrix F F can be constructed based on the minimum mean square error (MMSE) or zero-forcing (ZF) criteria. 1 At the transmitter, let t t 2 C NÂ1 denote the superposed signal vector after pattern mapping, and the details for the design of t t will be provided in the next section. Let x x 2 C N T Â1 denote the transmit signal vector from the AC, and it can be expressed as follows
At the receiver, let y y k 2 C N R Â1 denote the received signal vector for the kth user. Then, it can be expressed as follows 1 . Note that it does incur some overhead to construct the BF matrix by assuming availability of perfect CSI at the BS. According to [19] and [26] , the NOMA schemes with only one-bit CSI feedback can outperform various conventional multiple access schemes and achieve an outage performance close to the optimal one in many cases. With this inspiration, it will be an important issue to consider one-bit or multi-bit feedback for overhead reduction in the PDMA design for our future research.
where w w k $ CN ð0; s 2 k I I N R Þ denotes the additive white Gaussian noise vector whose elements have zero mean and variance s 2 k . In this paper, by constructing the superposed signal vector t t at the transmitter and detecting the received signal vector y y k at the receiver, a PDMA joint design approach based on both the power domain and beam domain is proposed.
THE PROPOSED PDMA JOINT DESIGN APPROACH
In this section, we present our proposed PDMA joint design approach as illustrated in Fig. 1, 2 where K user signals are superposed upon N beams after the process of pattern mapping at the transmitter and detected at the receiver by means of hybrid detection.
Pattern Mapping at the Transmitter
The multiple-domain multiplexing is one of the key aspects of pattern mapping in PDMA. In general, the power domain is chosen as the fundamental multiplexing domain in pattern mapping [9] , [10] . However, when only power domain is utilized, there are still many technical issues and challenges [27] . In fact, the combination of multiple domains can make the most of wireless resources and generalize PDMA to various application scenarios. In [10] , the general design principle of PDMA and the PDMA pattern design have been provided with the assumption that both the transmitter and receiver employ a single antenna. By considering LSA, multiple beams in downlink can serve as spatial resources. Specifically, beams are shared by multiple users with different power, and the corresponding allocation policy depends on pattern mapping. In this paper, pattern mapping of our proposed PDMA approach is designed based on the combination of power domain and beam domain. Power resources are chosen as the fundamental multiplexing domain and beam resources as the key multiplexing domain in the pattern mapping. As shown in Fig. 1 , pattern mapping at the transmitter utilizes power allocation and beam allocation to superpose multiple-domain signals. Let s s 2 C KÂ1 denote the transmit symbol vector for the UG with s s $ CN ð0; I I K Þ and s s ½ k ¼ s k the transmit symbol for the kth user. Let P P 2 R NÂK denote the power allocation matrix and P P ½ nk ¼ p nk denote the transmit power allocated to the kth user in the nth beam. Assume that each beam is allocated the same power P b , i.e., P K k¼1 p nk ¼ P b ; n ¼ 1; 2; . . . ; N. Let B B 2 ½0; 1 NÂK denote the beam allocation matrix and B B ½ nk ¼ b nk the beam allocation indicator for the kth user in the nth beam with b nk ¼ 1 if the kth user is covered by the nth beam and b nk ¼ 0 otherwise. Correspondingly, the superposed signal vector after pattern mapping can be expressed as follows
where denotes the operation of Hadamard product, and t t ½ n ¼ t n ¼ P K k¼1 b nk ffiffiffiffiffiffi ffi p nk p s k ; n ¼ 1; 2; . . . ; N.
Hybrid Detection at the Receiver
For the received signals, we propose to use hybrid detection as illustrated in Fig. 1 . In comparison with the existing PDMA design approach in [10] , SF is used to suppress the inter-beam interference caused by beam-domain multiplexing and SIC is then used to remove the intra-beam interference caused by power-domain multiplexing. First, SF is performed for the received signal vector to suppress the inter-beam interference. Let V V k 2 C N R ÂN denote the SF matrix for the kth user and v v nk the nth column vector of V V k . After the procedure of SF, the scalar received signal z nk can be expressed as follows 3
n ¼ 1; 2; . . . ; N; k ¼ 1; 2; . . . ; K;
where the first term of the right hand denotes the combination of the desired information and intra-beam interference, and the other two terms denote the inter-beam interference and noise, respectively. According to different user requirements, the SF matrix V V k can be constructed based on the MMSE or ZF criteria. If V V k is constructed based on the MMSE criterion, it can then be expressed as follows [32] 
where A A ¼ D Eft tt t H g with its element being expressed as
Note that the computational complexity of the matrix inversion involved in (5) is approximately OðN 3 R Þ. If V V k is constructed based on the ZF criterion, it can then be expressed as follows
The computational complexity of the matrix inversion involved in (6) is approximately OðN 3 Þ. In a practical 2. Note that a more general block diagram of PDMA systems can be found in [10] .
3. Note that the problem formulation here is similar to those in [28] , [29] , [30] , [31] , where the multi-cell MIMO interference broadcast channel (IBC) and K-user MIMO interference channel (IFC) are considered with different research emphasis. communication scenario, both N R and N are not so large. Therefore, the computational complexity of the SF procedure should be affordable.
Second, normalization is applied to the scalar received signal to meet the implementation condition of SIC. For a fixed channel realization, the inter-beam interference and noise term in z nk is assumed independently Gaussian distributed with mean zero and variance P N
Correspondingly, the expression in (4) can be reshaped through normalization as follows
where q nk denotes the sum of the inter-beam interference and noise after normalization with E½jq nk j 2 ¼ 1, h nk the equivalent normalized channel gain between the kth user and the AC which can be expressed as follows
Let H H 2 R NÂK denote the equivalent normalized channel gain matrix between the considered UG and AC, and it satisfies H H ½ nk ¼ h nk . Then, the multiple-input multipleout (MIMO) channel between the kth user and the considered AC can be degraded into single-input single-out (SISO) channels after the normalization [32] , which facilitates the implementation of SIC.
Finally, SIC is applied to the normalized scalar received signal to remove the intra-beam interference, and it is used to detect symbols iteratively by subtracting the detected symbols of weak users first to facilitate the detection of strong users. Without loss of generality, we assume that the K users are sorted in an ascending order of normalized channel gain h nk with respect to the index number k for any index number n. For instance, h nk j j h nk 0 j j holds for any n ¼ 1; 2; . . . ; N if 1 k k 0 K. Consequently, the k 0 th user can correctly detect the signal symbol in spite of the interference of the kth user in the nth beam. Note that the computational complexity of SIC is OðKN 3 Þ. Correspondingly, the signal to interference plus noise ratio (SINR) of the kth user in the nth beam can be expressed as follows
And the overall sum rate of the AC can then be expressed as follows
Note that the performance gain of our proposed approach profits from enhanced access connectivity supported by the multiple-domain multiplexing and strong SINR ensured by the hybrid detection. The hybrid detection at the receiver is designed based on the multiple-domain multiplexing at the transmitter, and the corresponding optimization of pattern mapping at the transmitter can further improve the system performance.
OPTIMIZATION OF PATTERN MAPPING
Pattern mapping is optimized based on both the power domain and beam domain in the proposed PDMA joint design approach. Power resources act as the fundamental multiplexing domain of the pattern, and beam resources act as the key multiplexing domain of the pattern. Given the integer beam allocation indicator b nk , the optimization problem of the overall sum rate maximization falls into the scope of combinatorial programming, which is hard to be solved directly. Just as we pointed out in [33] , a brute force approach is generally required for obtaining a global optimal solution. However, such an approach has an exponential complexity with respect to (w.r.t.) the number of beams and the number of users, and it is computationally impracticable even for a small-size system. In our previous work in [34] , by merging the beam allocation indicator b nk and the transmit power p nk into one variable, the original 2-D optimization problem of pattern mapping can be simplified to a 1-D optimization problem. However, by using that approach, outlier may exist in the obtained pattern mapping results. Therefore, in this paper, we propose an efficient approach to solve this challenging problem. Pattern design of the proposed PDMA joint design approach involves the optimization of power allocation and that of beam allocation.
Optimization of Power Allocation
In this section, the optimal power allocation of the proposed PDMA approach is investigated. In general, NOMA schemes are used to increase system rates in future mobile communications systems. The optimization of power allocation can be formulated as a sum rate maximization problem. 4 Besides, BF at the transmitter is generated based on the CSI of the target user, and hence the target user should be allocated with nonzero power to ensure its availability. Let d nk denote the lower bound of the transmit power allocated to the kth user in the nth beam, and it can be expressed as follows
where " denotes the slack variable for the target user. Therefore, the power allocation problem can be expressed as follows
C2 :
C3 : log 2 1 þ g nk ð Þ!R min nk ; n ¼ 1; 2; . . . ; N; k ¼ 1; 2; . . . ; K;
4. With the exponential growth of wireless data traffic, energy consumption of wireless networks has been rapidly increased. There are already some works addressing the energy efficient power allocation problem in NOMA systems, e.g., [21] . It will be an important issue to consider the optimization of power allocation by maximizing the energy efficiency in the PDMA design for our future research.
where P sum denotes the maximum sum transmit power for the AC, and R min nk the minimum rate requirement for the kth user in the nth beam. Correspondingly, we have the following theorem. Theorem 1. The optimization problem in (12) is convex.
Proof. The optimization problem in (12) can be reshaped as a standard form problem [35] as follows
where
Next, we analyze the properties of the functions f P P ð Þ, g nk 1 P P ð Þ, g 2 P P ð Þ and g nk 3 P P ð Þ. It is obvious that g nk 1 P P ð Þ is affine in P P for any n and k and that g 2 P P ð Þ is affine in P P as well. Due to the independence of jh nk j 2 and w nk on p nk , g nk 3 P P ð Þ is convex in P P for any n and k. As for f P P ð Þ, it can be readily seen that w nk couples multiple variables with respect to k but not n. Then, according to the transitivity of the convexity [20] , the convexity of f P P ð Þ can be derived from the convexity of the function fðp p n Þ ¼ À
where p p n ¼ P P ½ T n is the nth column vector of P P T for n ¼ 1; 2; . . . ; N.
Now we investigate the convexity of f p p n ð Þ. Let r 2 f p p n ð Þ denote the Hessian matrix of f p p n ð Þ. Then, its elements can be calculated by (14) as shown at the bottom of this page. Define
Then, the Hessian matrix can be expressed as follows 
Recall that the property of SIC: h nk j j h nk 0 j jholds for any n if 1 k k 0 K. Then, it can be readily obtained that that a 0 > 0 and b k ! 0 for 1 k K À 1. Correspondingly, we have r 2 f p p n ð Þ # 0. Therefore, the function f p p n ð Þ is convex in p p n for any n ¼ 1; 2; . . . ; N.
According to the above discussions, the optimization problem in (12) can be readily proven to be convex. This completes the proof. t u
Generally, the Karush-Kuhn-Tucker (KKT) conditions can be used to solve the convex optimization problem in (12) . However, the inequality constraints in the KKT approach usually makes the corresponding optimization problem hard to be solved directly. By adding a barrier function into the original objective function, the inequality constraints can be readily removed. Therefore, we adopt the barrier method [35] to tackle the problem and get the optimal power allocation policy in an undemanding manner. Note that the computational complexity of the barrier method mainly lies in the computation of each Newton step which needs a matrix inversion with complexity of OððK þ NÞ 3 Þ.
Optimization of Beam Allocation
The beam resource is another key multiplexing domain in our approach. Pattern design of the PDMA joint design approach is mainly to optimize beam allocation. In the following, the in-
depth analysis on pattern structure is presented, and then the relevant optimization of beam allocation is investigated.
Pattern Structure
Beam allocation matrix B B is specified as the PDMA pattern matrix. Let B B ½ k ¼ b b k denote the beam allocation vector of the kth user. In other words, the transmit symbols for the UG are mapped into beam domain by means of pattern, and the specific allocation of beam resources to the considered user is performed through the corresponding beam allocation vector.
The PDMA pattern matrix is utilized to assign different transmit diversity orders to users as well. To further analyze the pattern structure, we consider an example B B with N ¼ 3 and K ¼ 5 that is designed as follows 
We show its factor graph in Fig. 2 . Each row of B B is referred to as a beam resource and each column of B B is referred to as a user. Therefore, the sum of the corresponding column of B B for the considered user represents its transmit diversity order. The sum of the corresponding row in B B for the considered beam represents its overlap order. The ratio between the number of columns and the number of rows represents the overload ratio of the PDMA pattern. According to the above description of the PDMA pattern, we further explore some insights on the pattern structure.
First, the proposed PDMA approach can be treated as a more general framework of PD-NOMA and OMA. Specifically, by setting all the transmit diversity orders to be one and all the overlap orders to be greater than one, the proposed PDMA approach can be transformed to a PD-NOMA one. On the other hand, it can be transformed to an OMA approach by setting all the transmit diversity orders and overlap orders to be one. Second, the PDMA pattern can be utilized to improve access connectivity. Let denote the overload ratio supported by the PDMA pattern with ¼ K=N. By exploiting the PDMA pattern, the access connectivity in the PDMA approach can then be increased to a maximum of 2 N À 1 À Á =N folds in comparison with the OMA approach. Finally, the PDMA pattern enables dimension reduction for the LSA. Note that the maximum transmit diversity order in pattern should be N [9], i.e., there is some certain user which transmits signal in all the beams. Therefore, for the case of narrow beamwidth, the maximum number of beams in one AC covering the corresponding UG cannot be too large. Specifically, a small matrix B B is the common case for the proposed PDMA approach. Beams are generally chosen as spatial resources in the proposed approach other than antennas or space-time block codes in spatial domain [11] . Therefore, when combined with the LSA, the dimension of B B is reduced from N T Â K to N Â K with N T ! N, which can further enable the computational reduction of the receiver.
Optimization of Beam Allocation
The key of the proposed PDMA approach is pattern design, which can impose significant effect on system performance and detection complexity. On the one hand, for a given N, different overload ratio can support varying access connectivity. The larger the overload ratio, the better the system performance and the higher the detection complexity. On the other hand, for some certain user, larger transmit diversity order can enable more reliable data transmission at the cost of higher detection complexity. Therefore, proper pattern design is required to achieve a good trade-off between system performance and detection complexity.
The inner product of the beam allocation vectors of any two users indicates the number of beam resources shared by the two users. When the inner product is non-zero, the two users share some of the same beam resources. Then, the two users cannot be distinguished on beam domain but power domain at the receiver. When the inner product is zero, the two users employ different beam resources. Then, they will have a large possibility not to interfere with each other on beam domain, which can greatly reduce the detection complexity at the receiver. Therefore, by minimizing the maximum of the inner product of any two beam allocation vectors, the inter-beam interference of any two beams can be reduced to the greatest extent and the overall sum rate can then be maximized as much as possible. According to the above discussions, we formulate the optimization problem of beam allocation in a heuristic way as follows
where m k denotes the transmit diversity order of the kth user, and we assume that the beam allocation vectors of the K users are sorted in an ascending order of their transmit diversity orders. The optimization problem in (19) falls into the scope of combinatorial programming. Just as we point out previously, direct solving of the the optimization problem needs large computational load. Therefore, we commit to an effective dimension reduction method to solve this challenging problem. By using elementary rank transformations, the matrix B B can be reshaped in a partitioned structure: B B 0 ,  B B; Proof. To prove that B B can be set to I I if the BF and SF matrices are constructed based on the ZF or MMSE criteria, we take the case for ZF-BF and ZF-SF as examples, and the case for MMSE-BF and MMSE-SF is similar. First, by using elaborate mathematical manipulations, the considered channel matrix, the ZF-BF matrix, and the ZF-SF matrix can be reexpressed neatly. Then, by analyzing the relevant items of the equivalent normalized channel gain in (8) with the reexpressed matrices, particular characteristics can be obtained. Correspondingly, the conclusion can be readily achieved. We present the proof in detail as follows.
Let G G C ¼ ½G G H 1 tar ; G G H 2 tar ; . . . ; G G H n tar ; . . . ; G G H N tar H denote the composite channel matrix of the target users. Then, G G n tar ¼ X X n tar G G C for user n tar with X X n tar ¼ e e H n tar I I N R . As for ZF-BF, let F F C 2 C N T ÂN R N denote the composite ZF-BF matrix.
Then, it can be expressed as
Because N R N < N T is always guaranteed by the LSA, we take
for example. It can be reshaped in a partitioned structure F F C ¼ F F 1 ; F F 2 ; . . . ; F F n ; . . . ; F F N Â Ã . Correspondingly, the BF vector f f n can be expressed in the fol-
lowing form: f f n ¼ F F n 1 N R Â1 . Therefore, the ZF-BF matrix can be expressed as
As for ZF-SF, the ZF-SF matrix of the kth user can be expressed as
¼ e e H n e e n 0 ; n; n 0 ¼ 1; 2; . . . ; N; k ¼ 1; 2; . . . ; K:
Then, the expression in (8) can be simplified to beh nk ¼
Then, for user n tar , T T n tar can be reshaped as follows
, P P n tar :
According to the above definitions of X X n tar and Y Y , it can be readily obtained that all the elements of the square matrix P P n tar are zeros except ½P P n tar n tar n tar ¼ 1. Therefore, whenh nn tar is calculated through the expression in (8) for user n tar on all the beams except the n tar th beam, the noise term will be unusually magnified andh nn tar will be approximately equal to zero for any n ¼ 1; 2; . . . ; N and n 6 ¼ n tar , which means that the n tar th user may be located in the coverage edge of the nth beam. Obviously, neither power resources nor beam resources allocated to the n tar th user on the nth beam can contribute much to system performance. Correspondingly, the relevantb nn tar can be set to zero ifh nn tar % 0. Then, according to the above discussions, B B ¼ I I can be readily obtained. This completes the proof.
t u
Note here that the corresponding users in the target user set V will have a large possibility not to interfere with each other by setting B B to I I, which apparently helps to simplify the optimization problem in (19) . Let ½B B k ¼b b k denote the vector of the kth column ofB B. Then, according to Theorem 2, the optimization problem in (19) can be transformed into the following equivalent form 
where m 0 k denotes the transmit diversity order of the kth user concerningB B. It can be seen that the dimension of the variable space for the optimization problem is greatly reduced from 2 NK to 2 NðKÀNÞ . For the optimization problem in (26), a small beam allocation matrix is the common case for the proposed PDMA approach, and consequently the complete enumeration method with computational complexity of Oð2 NðKÀNÞ Þ can be employed to achieve the optimal beam allocation.
Note that in practice there may exist inter-beam and inter-AC/UG interferences as well due to the possible beam overlap (e.g., between neighbouring beams) even when the inner product of the beam allocation vectors of any two users is zero. However, by using our proposed approach, both the interferences and the computational complexity can be really reduced.
As for the maturity to be included in standards, according to [36] , 15 NOMA schemes including PDMA have been proposed in the Third Generation Partnership Project (3GPP) Release-14 study for New Radio (NR) system design. Moreover, a new Study Item (SI) has been approved to continue studying uplink NOMA schemes in Release-15, which will consider more realistic modeling of non-ideal impairment at both the transmitter and receiver side, such as CSI estimation error, power control accuracy, etc. In the future study of 3GPP NOMA SI, the study of how the new radio technologies (e.g., massive MIMO) can be integrated with NOMA shall be carried out, where the integration of LSA with PDMA studied in this paper is perfectly fit in this forthcoming framework.
SIMULATION RESULTS
In this section, we evaluate the performance of our proposed PDMA joint design approach. In the simulations, the number of antennas of each AC N T and that of each user N R are set to 16 and 4, respectively. The BS is located in the cell center with radius 800 meters. It is assumed that all the users in the considered UG are distributed uniformly in their corresponding AC coverage, 5 which is the same as [21] and [37] . For the propagation channel, it is assumed that the complex propagation coefficient between each antenna of the BS and that of each user is modeled as a complex smallscale fading factor timed by a large-scale fading factor, which represents geometric attenuation and shadow fading [16] . For the small-scale fading factor, it is always assumed to be i.i.d. random variable with distribution CN ð0; 1Þ. For the large-scale fading factor, the path loss factor, the path loss exponent and the variance of log-normal shadow fading are set to 1, 3.7 and 10dB, respectively. In the following, unless otherwise stated, we assume that each AC contains N ¼ 3 beams, and that the number of users varies from 4 to 7, which means that the proposed PDMA approach can perform under different overload ratios ( ¼ 133% $ 233%).
In the simulations, the performance of the PDMA approach is first evaluated without any optimization on pattern mapping, i.e., simple power allocation and beam allocation policies are adopted. For the simple power allocation policy [6] , users are sorted in an ascending order with respect to the normalized channel gain. Let p 0 denote the basic transmit power, which is allocated to the first ordered user. Then, the transmit power allocated to the kth ordered user is set to m kÀ1 p 0 , where m denotes the power gain factor. For the simple beam allocation policy, the basic pattern design criterion [9] is that a larger transmit diversity order is allocated to the user with smaller normalized channel gain, and vice versa.
In Fig. 3 , we show the AC sum rate of the proposed PDMA approach. Also illustrated in the simulations as performance benchmarks are the AC sum rates of the OMA and PD-NOMA approaches. As for the OMA approach, the number of users is set to 3, i.e., each user monopolizes one beam. As for the PD-NOMA approach, the number of users is set to 6, i.e., every two users share one beam [6] . As for the PDMA approach, the simple power allocation and beam allocation policies are employed. The sum transmit power is set to 30dBm in the figure. First, it can be observed from the figure that the performance of the proposed PDMA approach is better than those of the OMA and PD-NOMA approaches when the overload ratio > 1. Note here that a relatively higher computational complexity as the price will be paid for the better sum rate of our proposed approach compared with the other "simple" or nonjoint design. Second, it can be observed that the performance deteriorates drastically when the power gain factor m decreases from 1 to 0, and the reason is that the proposed PDMA approach prefers user fairness to system performance if m < 1 . It can also be observed that the performance deteriorates slowly when m increases from 1, and the reason is that the proposed PDMA approach prefers system performance to user fairness if m > 1. When m increases from 1, less power is allocated to the weaker user. Correspondingly, the performance of the user targeted by the beamforming deteriorates drastically, which impairs the system performance. Third, it can be observed that the performance is not improved remarkably when K is increased. The reason is that the weaker user is still targeted by the beamforming even when K is increased. It shows the important role of the weaker user targeted by the beamforming on system performance.
In Fig. 4 , we compare the AC sum rates between the proposed PDMA approach employing a simple power 5. The uniform distribution assumption is just to ensure the existence of users within the radiated area of the considered AC. Whether the users in a UG are distributed uniformly or not will not affect the performance of our proposed PDMA approach. allocation policy with m ¼ 0:5 and the proposed PDMA approach employing an optimal power allocation policy, where a simple beam allocation policy is employed. We can see that the performance of the proposed PDMA approach is improved slightly when power allocation is optimized.
In Figs. 5 and 6 , we compare the AC sum rates between the proposed PDMA approach employing a simple beam allocation policy and the proposed PDMA approach employing an optimal beam allocation policy, where a simple power allocation policy is employed with m ¼ 0:5 in Fig. 5 and m ¼ 1:5 in Fig. 6 . It can be observed that the PDMA approach employing the optimal beam allocation policy achieves great performance gain over the PDMA approach employing the simple beam allocation policy, which verifies the effectiveness of the proposed beam allocation policy. We can see from the figures that the performance of the proposed approach with m ¼ 1:5 in Fig. 6 varies in a wider range than that with m ¼ 0:5 in Fig. 5 when the simple beam power allocation policy is utilized, which reveals that the impact of stronger users on system performance is larger when beam allocation is not optimized. We can also see from the figures that the performance of the proposed approach with m ¼ 0:5 in Fig. 5 varies in a wider range than the scheme with m ¼ 1:5 in Fig. 6 when the optimal beam power allocation policy is utilized, which reveals that the impact of weaker users on system performance is larger when beam allocation is optimized.
In Fig. 7 , we compare the AC sum rates between the proposed PDMA approach employing simple power allocation and beam allocation policies and the proposed PDMA approach employing optimal power allocation and beam allocation polices. We can see from the figure that the performance of the proposed PDMA approach is improved greatly when both power allocation and beam allocation are optimized. It can be seen from Figs. 4, 5, 6, 7 that the optimization of beam allocation yields a significant improvement of system performance than the optimization of power allocation.
CONCLUSIONS
In this paper, we have proposed a PDMA joint design approach based on both the power domain and beam domain, which can be treated as a more general framework of the PD-NOMA and OMA approaches. The proposed PDMA approach enables the integration of a LAS into multiple access naturally. By using the optimized power allocation and beam allocation policies, great performance gain has been achieved. For the future work, we would like to explore the sensitivity of our proposed approach to CSI estimation and feedback errors. 
